In this paper, we consider the beam-domain hybrid time-switching (TS) and power-splitting (PS) simultaneous wireless information and power transfer (SWIPT) protocol design in full-duplex (FD) massive multiple-input multiple-output (MIMO) system, where the FD base station (BS) simultaneously serves a set of downlink half-duplex (HD) users (cellular users) and a set of fixed uplink HD users (fixed sensor nodes) which are uniformly distributed in its coverage area. In order to reduce the computational complexity, we investigate the beam-domain representation of massive MIMO channels based on the basis expansion model, and then the beam-domain SWIPT protocol which lies in intelligently scheduling the users and sensors based on the beam-domain distributions of their associated channels to mitigate SI and enhance transmission efficiency is designed for full-duplex massive MIMO system. The whole beam-domain hybrid TS and PS SWIPT protocol is divided into two phases based on the ideal of TS. The first phase is used for cellular users uplink training and sensor nodes energy harvesting as well as downlink training, wherein the cellular users transmit uplink pilots for uplink channel estimation at the BS, while the BS simultaneously transmits energy signals to the sensor nodes. Based on the idea of PS, the sensor nodes utilize the received energy signals for energy harvesting and downlink channel estimation. In the second phase, the BS forms the transmit beamformers for information transmission to the users as well as the receive beamformers for the sensors transmit their data to the BS simultaneously. By optimizing the TS ratio and transmit powers at the BS in two phases, the system achievable sum rate performance is maximized. Simulation results show the superiority of the proposed protocol on spectral efficiency compared with the existing massive MIMO SWIPT protocol.
Introduction
In the existing fourth generation (4G) system, multipleinput multiple-output (MIMO) technology has been used to improve the spectral efficiency (SE) performance. By deploying M antennas at transmitter, and N antennas at receiver, MIMO takes advantage of the spatial multiplexing gain of min(M, N) to improve the date rate. With the exponential growth of mobile Internet, the data traffic will increase by 1000 times beyond 2020. The existing 4G system cannot meet the increasing traffic demand of the future mobile communication, which put forward beam can be focused within a narrow range; hence, various kinds of interference can be substantially suppressed [4, [6] [7] [8] [9] [10] .
In the conventional half-duplex (HD) systems, i.e., timedivision duplex (TDD) systems or frequency-division duplex (FDD) systems, the uplink and downlink are separated by orthogonal time or frequency resources, hence theoretically wastes half of the time-frequency resource [11] . As a potential SE enhancement technique in 5G systems, full-duplex (FD) wireless transmission scheme allows the transceiver to use the same frequency resource for simultaneous transmission and reception [12] [13] [14] [15] [16] . FD technology can potentially double the transmission capability of the wireless physical layer. In terms of practical FD implementation, the effect of self-interference (SI) due to the coupling of own high-powered transmit signals to the receiver must be reduced [11] . Thanks to the promising analog/digital and spatial domain SI cancelation techniques that can achieve high transmit-receive isolation which have been reported in the recent literatures [11, 17] , now, FD is becoming feasible in the near future.
Motivation and related work
In addition to the SE, energy efficiency (EE) also has gained wide research attention for the design of wireless networks [18, 19] . Energy constraints introduce an upper limit on the power of transmission and associated signal processing in wireless devices, especially for batterypowered equipments [20] . As a sustainable solution to maintain the lifetime of energy constrained wireless networks, energy harvesting (EH) technique has recently received significant attention [21] [22] [23] . EH technology can effectively solve the charging problem in battery-powered wireless networks, wherein the wireless nodes are inaccessible or a large number of wireless nodes are widely distributed.
Various sources of renewable energy, such as ambient heat, wind, solar, and vibration, can be used to power wireless communication devices [24] . However, one common problem of collecting energy from such sources is its random nature. Energy availability variations with location, time, or environmental conditions make resource allocation in such systems very challenging. Radio frequency (RF) signals radiated by ambient transmitters can be identified as a viable new inspiration for EH. Compared with conventional energy sources, RF signals can carry both information and energy simultaneously. Wireless devices collecting energy of RF signals to power the signal transmission are named as simultaneous wireless information and power transfer (SWIPT), which has recently attracted great attention for various wireless channels [25] [26] [27] [28] . Owing to its features, SWIPT can be used to remotely power a variety of applications such as wireless sensor networks, body area networks, wireless charging facilities, and future cellular networks. Recently, several important advances of SWIPT in the antenna and RF EH circuit designs, have greatly increased the feasibility of EH in practical wireless applications [29] [30] [31] .
The SWIPT receiver was originally designed for simultaneous information decoding (ID) and EH from the same received signal [32, 33] , which is found to be unrealistic in the later research [34] . Due to the non-ideal EH circuit design, part of the RF signal energy will be lost during the ID process [35] . Hence, practical circuits used for EH are not able to decode the information carried by the signal directly. In the following SWIPT receiver designs, antennas with different functionalities are equipped for the information transceiver and the energy harvester, respectively. In [36] , antennas with different power sensitivities are designed for receivers of different uses, i.e., − 20 to − 10 dBm for EH and − 60 dBm for ID.
According to the signal partition method for EH and ID, there are mainly two types of practical SWIPT receiver designs, namely the time-switching (TS) and the powersplitting (PS) receiver architectures [18] . The TS receiver alternately switches between EH and ID according to the TS ratio [36] . The received RF signal is first sent to the EH receiver and then to the information receiver. In the PS receiver, the power of the incoming signal is split into two streams according to the PS ratio [26] . One portion of the received signal is sent to the EH receiver, and the remaining portion is sent to the information receiver.
The design of transceiver for MISO interference channel with EH is studied in [37] , where the PS method is adopted and the transmit beamforming vectors as well as receive PS ratios are jointly optimized. The authors in [38, 39] consider a one-way single-antenna amplifyand-forward (AF) SWIPT relay networks, where both the TS and PS protocols are studied. The joint transceiver designs for multiuser MISO relay systems with EH is studied in [40] , where the received signal is divided into two parts for ID and EH based on the PS principle. Since the two-way relaying (TWR) system can further improve the SE, many works also studied the SWIPT protocols in the TWR scenario. The authors in [41] considered a twoway AF relaying system with SWIPT, where an EH relay node is used to help two source nodes exchange information. In [42] , the authors consider the sum-throughput maximization problem in TWR network, where all the nodes are wireless-powered. The authors in [43] consider a SWIPT AF TWR network, where two source nodes harvest energy from multiple relay nodes.
The above works on SWIPT relay network are studied in HD scenario, where devices can either transmit or receive on a single frequency band, but not simultaneously. Since FD can potentially double the wireless physical layer capacity, recently, the transceiver design problem in FD SWIPT systems has arised. In [44] , the joint optimization problem of relay beamforming, the receiver PS ratio as well as the transmit power at the sources are investigated for SWIPT system with a FD MIMO AF relay to maximize the system achievable sum rate. The design of robust nonlinear transceivers for MIMO FD wireless-powered relay networks is studied in [45] , where the effects of imperfect channel state information (CSI) is took into consideration. The joint transceiver design for a FD cloud radio access network with SWIPT is considered in [46] . The joint transceiver designs for FD K-Pair MIMO interference channel with SWIPT is considered in [47] . Robust secure beamforming scheme for wireless-powered FD MIMO systems with self-energy recycling is studied in [48] .
Despite the previous works on EH in FD system or MIMO system, a few works have been done on the SWIPT protocol design in cellular system with massive MIMO base station (BS). In [21] , the joint FD selfbackhaul and EH protocol for small cell networks with massive MIMO is investigated. In [49] , SWIPT protocol for three-dimensional (3D) massive MIMO system is designed, where the matched filter (MF) precoder is adopted at the BS. In [50] , the SWIPT protocol is designed for multipair TWR system with massive MIMO, where the linear precoders, i.e., zero-forcing (ZF) and maximal ratio combining (MRC), are adopted at the relay. A lowcomplexity SWIPT scheme with retrodirective maximum ratio transmission (MRT) beamforming is studied in [51] , where all energy receivers (ERs) send a common beacon signal simultaneously to the energy transmitter (ET) in the uplink and the ET simply conjugates and amplifies its received sum-signal and transmits to all ERs in the downlink for SWIPT. For SWIPT system with massive MIMO, instantaneous full dimensional CSI is needed to perform linear precoding. To obtain full dimensional CSI, the uplink training overhead scales linearly with the number of user equipments (UE) in TDD system, the downlink training overhead scales linearly with the number of antennas in FDD system, and the corresponding CSI feedback yield an unacceptably high overhead, and therefore poses a significant bottleneck on the achievable SE [52] .
Contributions
In this paper, we consider the beam-domain hybrid TS and PS SWIPT protocol design in FD massive MIMO system, where the FD BS simultaneously serves a set of downlink HD users (cellular users) and a set of fixed uplink HD users (fixed sensor nodes) which are uniformly distributed in its coverage area.
The contributions of this paper are summarized as follows:
• We investigate the beam-domain (BD) representation of massive MIMO channels based on the basis expansion model (BEM). In this way, the full dimensional channel can be compressed into BD effective channel (BDEC), as a result, the computational and implementation complexity can be greatly reduced and the SE performance can be improved.
• The BD hybrid TS and PS SWIPT protocol which lies in intelligently scheduling the users and sensors based on the BD distributions of their associated BDECs to mitigate SI and enhance SE performance is designed for FD massive MIMO system. Specifically, the whole BD hybrid TS and PS SWIPT protocol is divided into two phases based on the ideal of TS. Phase I is used for cellular users uplink training and sensor nodes EH as well as downlink training. During this phase, the cellular users transmit pilots for uplink UE-BS channel estimation at the BS, while the BS simultaneously transmits energy signals to the sensor nodes. Based on the idea of PS, the sensor nodes utilize the received energy signals for EH and downlink Sensor-BS channel estimation. In phase II, the BS forms the transmit beams for information transmission to the users as well as the receive beams for the sensors transmit their data to the BS simultaneously.
• By optimizing the TS ratio and transmit powers at the BS in two phases, the system achievable sum rate performance is maximized. Simulation results shown the superiority of the proposed protocol on spectral efficiency compared with the conventional HD massive MIMO SWIPT protocol.
The rest of the paper is organized as follows. The system model is described in Section 2. Sections 3 and 4 consider the beam-domain channel representation and proposed BD massive MIMO FD SWIPT transmission scheme, respectively. Section 5 consider the practical beam-domain user and sensor grouping problem. Section 6 derives the system achievable sum rate and the optimum TS ratio as well as transmit powers at the BS in two phases. Section 7 presents the simulation results. Section 8 draws the conclusions.
Notations: In this paper, E(·) denotes the expectation. 
System model
We consider a FD massive MIMO SWIPT system that the BS simultaneously serves a set of downlink users (cellular users) K D = {1, 2, · · · , K d } and a set of fixed uplink sensors K U = {1, 2, · · · , K u } which are uniformly distributed in the coverage area of the BS, as shown in Fig. 1 . The number of downlink users is K d , and the number of sensors is K u . The BS is equipped with a separate massive antenna array. The total number of antennas at the BS is 2N of which N antennas are dedicated to the downlink and N antennas are used for the uplink. We assume that all users and sensors are work in HD mode and have a single antenna. Each sensor employs a rectanna for EH and uses the harvested energy to power its subsequent data transmission.
We consider frame-based transmissions over Rayleigh fading channels. The length of one frame is fixed to T seconds, which is assumed to be less than the coherence interval of the channel. We use h k u ∈ C N×1 and h k d ∈ C N×1 to denote the uplink UE-BS channel vector from the user k u to the receive antenna array of BS and the downlink UE-BS channel vector from the transmit antenna array of BS to the user
and h e k d ∈ C N×1 denote the uplink sensor-BS channel vector from the sensor node k d to the receive antenna array of the BS and the downlink sensor-BS channel vector from the transmit antenna array of the BS to the sensor node k d . We use H SI ∈ C N×N to denote the SI channel matrix from the transmit antenna array to the receive antenna array of the BS.
Note that the channel model between the user and the BS is the same as the channel model between the sensor and the BS; in the following sections, we only introduce the uplink and downlink channel model between the user and the BS.
Uplink/downlink channel model
We consider the general cluster-based channel model [53] where the received signal at the BS from the uplink user k u is a sum of the contributions from M u scattering clusters and the received signal at user k u is a sum of the contributions from M u scattering clusters. The direction of arrival (DOA) of signals resulting from the ith cluster to the BS is within the region [ θ min
] and the direction of departure (DOD) region of signals resulting from the ith scattering cluster to user k d is within the region [ θ min
]. Thus, the channel vector between the user k u or k d and the BS can be expressed as [53] 
where
is the array response vector with d and λ denoting the antenna spacing and carrier wavelength, respectively. r k ξ ,i (θ) denotes the complexvalued response gain of uplink/downlink channel. 
SI channel model
The SI signal can be viewed as the contributions of signals from M SI scattering clusters with different DOA and DOD regions. Thus, the SI channel matrix H SI can be expressed as
where r SI,i (θ R , θ T ) denotes the complex-valued response gain.
In (1) and (2), we assume that the complex-valued response gains with different incidence angles are uncorrelated [54] , that is
, represents the product of the large-scale fading and channel power angle spectrum (PAS). Note that the above studied channel model can be transformed into several well-known massive MIMO channels. For example, by setting M u = M d = 1, we can get the "one ring" channel model introduced in [7] . The one ring model is typically used in the macro-cell environment where the uplink/downlink received signals are scattered by the vicinity of the users [53] . Moreover, by setting
we obtain the ray-cluster-based spatial channel model, which is usually used for millimeter wave massive MIMO channel [55] .
Beam-domain channel representation
In order to reduce the number of dimensions of the channel to be estimated as well as the amount of feedback, we resort to the BEM [56] . Using the BEM, the BD channel representation can be obtained by projecting the channel vector (matrix) on common bases. In this way, the channel can be compressed in the BD under certain selected basis spaces and the channel dimension required to be estimated can be reduced greatly. Moreover, by exploiting the BD structure of SI channel, it is possible to eliminate the SI without using the instantaneous SI channel knowledge and hence realize efficient SWIPT transmission.
Under the BEM, the uplink/downlink UE-BS channel vector h k ξ , ξ ∈ {u, d} can be expanded from a set of uniform basis vectors
In this paper, the basis vector f i is also called a beam [8] ,
is called the BD channel vector, which is obtained by projecting the channel vector h k ξ onto the set of all the beams = {f 1 , f 2 , · · · , f N }. According to (1) and (5), we can obtaiñ
By projecting channel vectors onto certain selected basis spaces, we can approximate the channel vector from user k ξ to BS as [52] 
where B k ξ is the selected active beam set (ABS) of uplink/downlink which contains the indexes of beams with non-negligible BD channel gains. All the elements selected in the set B k ξ is related to the DOA/DOD, and the detailed method for determining all the elements in the set of B k ξ will be described in the following section.
is the corresponding active beam spaces, whose columns are consisted of the beams in B k ξ . The reduced-dimension
Note that (7) holds with equality as N → ∞. Based on (1) and (7), the BDEC vector can be expressed as
From (8), the original channel vector can be recovered from the BDEC vector if the DOA/DOD (and hence the ABS) information is known. As a result, in order to obtain h k ξ , it is enough to estimate the B k ξ -dimension BDEC during the training phase. Hence, the consumption of training resources will be significantly reduced. The ABSs B k ξ , ξ ∈ {d, u} can be designed by solving the following problem
Hence, we can approximately express the BD SI chan-
, and
BD hybrid TS and PS SWIPT protocol
In this section, we propose a BD scheme to realize SWIPT in the cellular system with FD massive MIMO BS. In order to accomplish the channel estimation, the transmit and receive antenna arrays of the BS are assumed to be shared antennas, i.e., the transmit and receive RF chains share the same antenna [10] . In the frame-based BD massive MIMO FD SWIPT system, each frame is divided into two phases, phase I: estimation and EH phase and phase II: BD FD transmission phase, as shown in Fig. 1 .
In the phase I of time period αT (0 ≤ α ≤ 1), users transmit pilots for channel estimation at the BS, while the BS simultaneously transmits energy signals to the sensor nodes for EH and channel estimation. Due to the separate antenna configuration at the BS; therefore, the reciprocity of uplink and downlink channels does not hold. The BS uses the transmit antenna array to receive the pilot signals of users for uplink UE-BS channel estimation and uses the receive antenna array to transmit the energy signals. We assume that the sensor opens the receive circuit during the interval αT, and part of the received energy signal is used for channel estimation and part of the received energy signal is used for EH; hence, the sensors can obtain the uplink sensor-BS channel. Specifically, the BS uses the transmit antenna array to receive the pilot signals of UEs, that is y U t as shown in Fig. 2 . Thus, the uplink UE-BS channel can be estimated during phase I. Simultaneously, the BS uses receive antenna array to transmit the energy signals to all the sensors. The signal received by sensor node can be expressed as y S r . Part of the received energy signal, √ βy S r , is used for EH and part of the received signal, √ 1 − βy S r , is used for downlink sensor-BS channel estimation, where β denotes the PS ratio. Note that the detailed training signals (pilot signals and energy signals) design will illustrated in the next subsection.
In the phase II of time period (1 − α)T, the BS obtains the downlink UE-BS CSI based on channel reciprocity and then forms the beams for information transmission to the users. Moreover, the sensors feedback the uplink sensor-BS CSI to the BS and transmit their data during the interval (1 − α)T using the harvested energy. Specifically, the sensors transmit signal √ βηy S t to the BS, where η < 1 denotes the energy conversion efficiency. Note that the resource consumption for CSI feedback of sensors are omitted in this paper.
Training design
be the orthogonal pilot sequence set for uplink UE-BS training, where τ u denotes the length of pilot sequence which satisfies τ u ≥ max 
and
= p e d , the received signal at the BS is given by
where H g u = h g u, 1 , · · · , h g u,Kg u denotes the channel matrix from the user group g u to the BS, N u denotes the AWGN with variance σ . The received signal at the sensor group g e d can be expressed as
where 
UE-BS BDEC estimation
By multiplying both sides of (13) with F {Bg u } H , we arrive at the BD receive pilot signal from user group g u
With (15) , the least squares (LS) estimator of the BDEC vector for the user g u,k within group g u can be obtained as
where p u denotes the power of each pilot symbol transmitted by users. The second term of right-hand sides of (16) indicates the pilot contamination due to the use of the same pilot sequence set over all the user groups. The third term is the SI due to the simultaneous uplink training and downlink energy transmission.
In the practical system with finite number of BS antennas, the linear minimum mean square error (LMMSE) estimator can be used to refine the results of the LS estimator in (16) to mitigate the residual pilot contamination and SI. Based on the general expression of LMMSE estimator, the refined estimates can be expressed as
} and
The BSto-users channel CSI h
,LM is obtained by using the reciprocity properties of the wireless channel.
Energy transfer for sensors
During phase I, the received signal at the g e d,k th sensor can be expressed by . However, the noise is negligible compared with the high-power signal and is thereby omitted in the harvested energy [39] . We further assume that the amount of energy harvested from the cellular users' transmissions is negligible due to their low transmit power. Therefore, the g e d,k th sensor node transmit power during the remaining (1 − α)T time can be written as (19) where · denotes the Euclidean norm of a vector, 0 < η < 1 denotes the energy conversion efficiency.p H . It is worth noting that for a fixed sensor node, the downlink sensor grouping and the ABS remain unchanged. Therefore, when the instantaneous channel information is not available, effective energy transmission can be achieved only by using the information of the ABS, regardless of how the energy sequences are allocated.
The left part of the whole signal, that is
, is used for the channel estimation. Since the sensor knows the values of β and can accurate compensate it, hence we omit it in the following channel estimation. The LS channel estimator of the downlink sensor-BS channel can be expressed as 
The uplink sensors-to-BS channel CSIh 
Beam-domain FD information transmission
The BS uses the estimated BDEC to perform beamforming to transmit information to the K d users. At the same time, it receives data from the K u sensors.
BS-to-UE downlink transmission
In downlink, the received signal at user group g d can be expressed as
where n g d denotes the AWGN vector with variance σ , x g d ∈ C N×1 denotes the precoded transit signal of the 
Note that the second term on the right-hand sides of (23) indicate the intergroup interferences (IGIs). Using the interference control scheme, such as cell sectorization-based uplink-downlink user scheduling [52] , the interference from sensors to users, that is, the third term on the right-hand sides of (23), can be mitigated. Hence, the BD received signal at user group g d can be rewritten as
To mitigate the IGI and IUI, the BS employs the BD beamforming. The intended signal of user group g d , i.e.,
is precoded by the beamforming matrix 
Using these on (24), the BD received signal at user g d k can be expressed as
The optimal beamforming scheme to maximize the sum rate has been proved NP-hard [57] . Thus, in this paper, we consider the suboptimal linear precoding scheme, i.e., ZF beamforming, to approximate the system performance upper bound. Assuming the channel estimators in (19) , the transmit beamforming matrices of the BS can be expressed as (26) where ϒ g d is a diagonal normalized matrix with ϒ g d l,l can be expressed as
Sensor-to-BS uplink transmission
In uplink, the sensor g e d,k transmit signal using the harvested energy p H (27) where n e u denotes the AWGN vector with variance σ . s g e u ∈ C K e gu ×1 denotes the transmit signal of sensor group g e u . x g d ∈ C N×1 denotes the precoded transit signal of the BS. By multiplying both sides of (27) 
The problem in (32) is in generalized Rayleigh quotient form. It is well known that the maximum value in (32) is obtained when w g e u,k equals to the generalized eigenvector corresponding to the maximum generalized eigenvalue.
Beam-domain user and sensor grouping
The key idea of the proposed BD FD massive MIMO SWIPT scheme lies in partitioning users and sensors according to their ABSs to realize efficient energy and information transmission. In particular, we divide the users and sensors into groups under the following two criterions:
• 
In the practical implementation, the users and sensors with different ABSs must be partitioned so that the above two conditions are satisfied as close as possible, as shown in Fig. 3 . For all the users or sensors, the ABS of the SI channel at the receive side B SI,R and transmit side B SI,T should be took into consideration when carry out grouping. In the following, we proposed a BD user and sensor grouping scheme, which consists of the following two steps.
Step 1: Remove the ABS of the SI channel at the receive side B SI,R and transmit side B SI,T from the set of all the beams with a certain guard interval .
Step2: Remove all the beams that satisfy the adjacent beams including itself which are not occupied by any user or sensor. We obtain serval beam sets, each of which contains several continuous beams occupied by different users or sensors. For each beam set with several continuous beams, the corresponding users or sensors form a user and sensor group.
In this way, the self-interference at the BS can be mitigated effectively based on the statistical CSI of SI channel, that is, the ABS of SI channel, rather than the instantaneous CSI of SI channel. Note that users and sensors should be grouped independently. Meanwhile, to mitigate the interference between the uplink and downlink, the user group or sensor group with overlap beams cannot be allocated with the same frequency band for transmission.
Achievable rate analysis and optimization
We carry out the achievable rate analysis and optimization in this section. In this paper, the part of the time used for channel estimation at the BS and energy harvesting αT can be determined by αT = τ d ≥ τ u . It is worth noting that when αT ≥ τ u , more time is allocated to the sensors for EH which as a result will increase the harvested energy and hence increase the transmit power of sensors. But for the users, less time is allocated for transmitting and hence reduce the SE.
Downlink achievable rate

Downlink achievable rate with perfect CSI
With perfect CSI, the downlink achievable rate of user g d,k can be expressed as 
Downlink achievable rate with imperfect CSI
Since perfect channel estimation does not exist in real systems, hence we let h
denote the channel estimation error of LMMSE estimator. According to (25) and using the bounding technique in [58] , the average achievable rates at user g d,k can be expressed as (36) where
2 denotes the transmit powers. The powers of channel estimation error (CEE), IUI within the group and IGI, are explained in the equation.
Uplink achievable rate 6.2.1 Uplink achievable rate with perfect CSI
With perfect CSI, the uplink achievable rate of sensor g e u,k can be written as (38) and (32) is in generalized Rayleigh quotient form. The maximum value of (32) 
The maximum SINR of sensor g e u,k can be expressed as 
With the help of Sherman-Morrison formula [59] , the achievable rate of sensor g e u,k can be rewritten as 
In this way, the achievable rate of sensor g e u,k can be further rewritten as
when¨ g e u,k is completely eliminated, and hence, we have ϑ g e u,k = 0.
Uplink achievable rate with imperfect CSI
According to (29) and using the bounding technique in [58] , the average achievable rates at the downlink user g u,k can be expressed as (44) at the top of the next page. The transmit power of sensor g e d,k is set to p g e u,k
The powers of CEE, IUI, IGI, and SI are explained in the equation. 
Optimization of the achievable sum rate
In particular system, the assumption of having perfect instantaneous CSI is idealistic due to the fact that the CSI at the BS, users, and sensors are obtained by estimation or feedback. Hence, the CSI is subject to estimation, feedback, delay, and quantization errors. In this subsection, we consider the problem of optimizing the system achievable sum rate with imperfect CSI. The achievable sum rate of the system with imperfect CSI can be written as
where K D denotes the set of all the users and K U denotes the set of all the sensors. The downlink rate R g d,k of user g d,k and the uplink rate R g e u,k of sensor g e u,k are given in (36) and (44), respectively. The system achievable sum rate maximization problem can be written as
where K E g denotes the number of sensor groups. P E d and P d denote the maximum transmit power constraint at the BS in phase I and phase II, respectively. P =
.
Optimize P for fixed α
We assume that the length of the pilot signals and energy signals are fixed, that is, τ u and τ d are fixed. The downlink rate R g d,k can be written as
, and the SINR at user g d,k can be writ- 2 . We omit the user group index, and the sum rate optimization problem can be rewritten as (47) where p1, p2, p3, and p4 are power constraints given by (46) . The form of SE optimization problem in (47) is also close to a geometric programming (GP) except that the target function is not in the posynomial form [60] . In this paper, we apply the technique in [61] to approximate the target and solve it with the help of convex optimization tools. Specifically, 1 + γ a,k can be approximated by λ a,k γ μ a,k a,k close to a pointγ a,k , where
1 +γ a,k , and a ∈ {u, d}. As a result, (47) can be rewritten as 
• Solve problem (48) by GP:
and go back to step 2.
+ 1 are variables unrelated to α. The achievable sum rate maximization problem of α can be rewritten as
and (52) can be rewritten as
The partial derivative of function R SUM (α) can be expressed as
The two order derivative of function R SUM (α) can be expressed as (55) at the top of this page.
Consistent with the assumption in [52] , in this paper, we assume that the power of CEE, IUI, and IGI is much larger than SI and AWGN. Hence, we have
< 0 for 0 < α < 1 and we can obtain the optimum α of R SUM (α) when
Equation (56) is a transcendental equation, and we also can solve it numerically or resort the Newton iterative method to solve the problem, that is,
Opt denote the solution of (56) and if 1 > α Opt > τ u /T, then the solution of the problem in (53) is α Opt . Moreover, it is interesting to see that the maximum sum rate of the system is R OPT SUM = A α Opt . Otherwise, the solution of the problem in (53) is τ u /T, and the maximum sum rate of the system is
Joint optimization of α and P
The joint optimal α and P can be obtained by finding the optimum P for each α and then selecting the found P and α that maximize the problem in (46) . Hence, a onedimensional search over α is needed. We can conclude that the required one-dimensional search can be limited to a small region of α by exploiting the structure of the problem (46) and the properties obtained in (54)- (56) . Hence, the computational complexity for solving the joint optimization problem can be greatly reduced. The proposed solution to jointly optimize α and P is summarized in Algorithm 2. Figure 4 illustrates the SE of the proposed BD hybrid TS and PS SWIPT protocol for FD massive MIMO system with perfect user and sensor grouping. The transmit powers of BS is 20.2 dBm. The distance between users/sensors and BS is set to 500 m. This setup ensures the average downlink receive SNR is 3 dB. The energy conversion efficiency η is set to 0.8, and the power ratio used for energy harvesting β is set to 0.8. For comparison, existing SWIPT protocols designed for massive MIMO (MM) system are also demonstrated, such as TDD SWIPT with MF precoder in [49] , TDD SWIPT with ZF precoder in [50] , and TDD SWIPT with MRT precoder in [51] . Meanwhile, traditional FDD MM with JSDM [7] , FD MM with linear transceiver [64] , FD MM with spatial SI suppression [17] , and traditional BD FD MM transmission scheme [52] are also extended to the SWIPT scenario and demonstrated for comparison. Note that the FD MM with spatial SI suppression in [17] , the BS requires instantaneous CSI of SI channel in order to perform SI cancelation in spatial domain. In the simulations, the uplink transmit power in [7, 17, 52, 64] are also harvested from the BS downlink transmit signal. With estimated effective BD CSI, the SE of the proposed BD hybrid TS and PS SWIPT protocol outperforms the existing transmission schemes. The reason is that, the proposed BD hybrid TS and PS SWIPT transmission scheme can reduce the required length of pilot sequence significantly, hence significant SE gain can be achieved by the proposed scheme over the TDD and FDD MM systems and traditional FD MM. The SE of the proposed BD hybrid TS and PS SWIPT protocol with perfect CSI and the capacity are also depicted in Fig. 4 .
In Fig. 5 , we test the robustness of the proposed BD hybrid TS and PS SWIPT protocol for FD MM system under the presence of DOA/DOD offset. We can see from Fig. 5 that the proposed BD hybrid TS and PS SWIPT protocol obtains the best performance. Moreover, the SE performance decreases with the increasing of DOA/DOD offset. This is because the proposed BD SWIPT protocol requires accurate DOA/DOD information when users and sensors are partitioned into groups. For the traditional SWIPT protocols in [49] [50] [51] , linear precoders are adopted so that the user/sensor DOA/DOD information is not required.
In Fig. 6 , the SE performance of the proposed BD hybrid TS and PS SWIPT protocol for FD MM system with different PS ratio β is demonstrated. In Fig. 7 , the SE performance of the proposed BD hybrid TS and PS SWIPT protocol for FD MM system with different energy conversion efficiency η. We can see from Figs. 6 and 7 that the proposed BD hybrid TS and PS SWIPT protocol obtains the best performance. Figure 8 depicts the SE of the proposed BD hybrid TS and PS SWIPT protocol for FD MM system with imperfect user and sensor grouping. In Fig. 8 , there are 50 users and 50 sensors within the coverage of BS which is equipped with N = 128 transmit/receive antennas. The signal of each user/sensor is within a 10 • DOA/DOD region which is randomly distributed in the sectors. The protocol for FD MM transmission scheme increases first and then decreases when M SI > 6. Meanwhile, the proposed BD hybrid TS and PS SWIPT protocol for FD MM transmission scheme obtains the best SE performance. The SE of FD MM scheme in [52] approaches to that of the TDD/FDD MM as M SI increases. This is because the numbers of uplink groups and the active beams for each uplink group decrease as M SI increases.
Conclusions
In this paper, we propose a BD hybrid TS and PS SWIPT protocol for FD massive MIMO system. In order to reduce the pilot resource cost used for channel estimation, we resort BEM to represent massive MIMO channel in the BD. Due to the spatial sparsity of massive MIMO channel, we can compress the massive MIMO channel in the BD under certain selected basis spaces and the channel dimension required to be estimated can be greatly reduced. The hybrid TS and PS SWIPT protocol which lies in intelligently scheduling the users and sensors based on the distributions of their associated BD ABSs to mitigate SI and enhance transmission efficiency is designed. The whole BD hybrid TS and PS SWIPT protocol is divided into two phases based on the ideal of TS. The first phase is used for cellular users uplink training and sensor nodes energy harvesting as well as downlink training, wherein the cellular users transmit uplink pilots for uplink channel estimation at the BS, while the BS simultaneously transmits energy signals to the sensor nodes. Based on the idea of PS, the sensor nodes utilize the received energy signals for energy harvesting and downlink channel estimation. In the second phase, the BS forms the transmit beamformers for information transmission to the users as well as the receive beamformers for the sensors transmit their data to the BS simultaneously. By optimizing the TS ratio and transmit powers at the BS in two phases, the system achievable sum rate performance is maximized. Simulation results shown the superiority of the proposed protocol on SE compared with the existing massive MIMO SWIPT protocol.
